Zinc gallate (ZnGa 2 O 4 ) thin films were grown on sapphire (0001) substrate using radio frequency (RF) magnetron sputtering. After the thin film deposition process, the grown ZnGa 2 O 4 was annealed at a temperature ranging from 500 to 900 • C at atmospheric conditions. The average crystallite size of the grown ZnGa 2 O 4 thin films increased from 11.94 to 27.05 nm as the annealing temperature rose from 500 to 900 • C. Excess Ga released from ZnGa 2 O 4 during thermal annealing treatment resulted in the appearance of a Ga 2 O 3 phase. High-resolution transmission electron microscope image analysis revealed that the preferential crystallographic orientation of the well-arranged, quasi-single-crystalline ZnGa 2 O 4 (111) plane lattice fringes were formed after the thermal annealing process. The effect of crystallite sizes and lattice strain on the width of the X-ray diffraction peak of the annealed ZnGa 2 O 4 thin films were investigated using Williamson-Hall analysis. The results indicate that the crystalline quality of the deposited ZnGa 2 O 4 thin film improved at higher annealing temperatures. Coatings 2019, 9, 859 2 of 9 frequency (RF) magnetron sputtering [15]. Shen et al. used ZnGa 2 O 4 thin film for the development of metal-oxide-semiconductor field effect transistors by MOCVD. Their research showed promising results in enhancing the breakdown voltage and I on /I off (current on/off) ratio performance [16]. Wu et al. reported that the properties of thin film ZnGa 2 O 4 gas sensor deposited by MOCVD [17]. Huang et al. developed a ZnGa 2 O 4 thin film solar-blind PDs based on a metal-semiconductor-metal structure fabricated by an RF magnetron sputtering method [18] . They investigated the effect of oxygen partial pressure on the electrical properties of the devices during the sputtering and thermal annealing process.
Introduction
Zinc gallate (ZnGa 2 O 4 ) belongs to a group of close-packed, face-centered cubic structured compounds (AB 2 O 4 ) with a normal oxide spinel structure (space group of Fd3m). Zn 2+ and Ga 3+ cations occupy the tetrahedrally coordinated A-sites in tetrahedral and octahedral lattice B-sites, respectively. The lattice constant is 8.334 Å at room temperature [1] . ZnGa 2 O 4 materials have recently gained increased attention [2, 3] . These materials are widely applied in vacuum fluorescent and field emission displays, gas sensors, electronic devices, and solar-blind ultraviolet photodetectors (PDs) due to their high transparency in the deep ultraviolet (DUV) spectral region, excellent thermal and chemical stability, and wide optical band gap (~5 eV) [4] [5] [6] .
Researchers have discussed many one-dimensional (1D) ZnGa 2 O 4 nanostructures (nanoparticles, nanocrystal, nanowires, and nanotube) over the years [7] [8] [9] . Although these 1D ZnGa 2 O 4 devices exhibit high optoelectronic performance, the reliability and stability of these devices are a critical aspect of their application, which raises concern [10, 11] . Thin film structures have been proven to possess properties that can overcome the aforementioned challenges posed by a 1D ZnGa 2 O 4 nanostructure. Therefore, it is important to develop and perfect ZnGa 2 O 4 film materials and related optoelectronic devices.
There are several methods for the preparation of ZnGa 2 O 4 thin films, including: sol-gel [12] , pulsed laser deposition [13] , metalorganic chemical vapor deposition (MOCVD) [14] , and radio
Experimental Methods
The ZnGa 2 O 4 thin films were deposited over a C-plane sapphire using the RF magnetron sputtering technique. The sputtering target was ZnGa 2 O 4 ceramic, which was sintered with ZnO and Ga 2 O 3 powder of 99.99% purity, with a mix proportion of 30:70. Initially, the substrates were cleaned in acetone and alcohol, followed by ultrasonic cleansing in de-ionized water for 10 min, and then blow-dried with nitrogen gas. Prior to deposition, the vacuum level of chamber pressure was approximately 5 × 10 −6 torr. The plasma generation was activated by the RF power for ZnGa 2 O 4 , the target was 150 W at 13.56 MHz, and the deposition pressure was kept at 5 × 10 −3 torr. The as-deposited film was deposited at the substrate temperature of 400 • C. The distance between target and the substrate was 15 cm. To maintain uniform film thickness, the substrate holder was rotated at 18 rpm during the deposition process. The deposition time was 2 h and the deposited samples were annealing at different temperature ranging from 500 to 900 • C in steps of 100 • C at atmospheric ambient conditions in a quartz furnace tube. The crystallographic properties of ZnGa 2 O 4 films were investigated by X-ray diffraction (XRD, X'Pert PRO MRD, PANalytical, Almelo, The Netherlands) with Cu Kα X-ray source (λ = 1.541874 Å) radiation. The surface morphologies, microstructures, and elemental analyses of these deposited samples were analyzed by scanning electron microscopy (SEM, S-3000H, Hitachi, Tokyo, Japan), atomic force microscopy (AFM, 5400, Agilent, Santa Clara, CA, USA), and high-resolution transmission electron microscopy (HRTEM, H-600, Hitachi, Tokyo, Japan). Optical properties (transmittance, absorbance, and photoluminescence) were determined using an UV-visible (UV-VIS) near infra-red (NIR) spectrophotometer (Model: LAMBDA 750 from Perkin Elmer, Perkin Elmer, MA, USA).
Results
The XRD spectra of the deposited ZnGa 2 O 4 thin films as a function of annealing temperature is shown in Figure 1a . The annealing temperature was varied from 500 to 900 • C for 1 h. The polycrystalline nature of all the deposited ZnGa 2 O 4 film can be indexed and refer to the reported data of Joint Committee on Powder Diffraction Standards (JCPDS) card file 38-1240; the characteristic peaks of the preferred crystallographic orientations are (220), (311), (222), (400), (511), and (440). The intensity of the diffraction peak (311) plane increased with an increase in the annealing temperature. The increment of the diffraction peak (311) is attributed to improved crystallinity of deposited ZnGa 2 O 4 thin films. The diffraction peaks of Ga 2 O 3 (−401) and (−202) were observed from the phase separation of ZnGa 2 O 4 for the sample annealed at a temperature above 800 • C (Figure 1b ). The JCPDS data of the Ga 2 O 3 (card No. 43-1012) is given for reference. The observed Ga 2 O 3 plane is attributed to the expulsion of Zn atoms at an annealing temperature above 800 • C [19] . The Debye-Scherrer formula in Equation (1) below was used to calculate the average crystallite size and full width at half maxima (FWHM) of ZnGa 2 O 4 peak (311) at different annealing temperatures, as shown in Figure 1c [20] :
where D is the average crystallite size (nm), λ is the wavelength of X-ray (0.15418 nm), β is the FWHM (radian), and θ is diffraction angle (degrees). The average crystallite sizes estimated by the Scherrer method increase from 11.94 to 27.05 nm. ZnGa 2 O 4 crystallite size increased with an increase in annealing temperatures, and a narrower FWHM peak (311) was observed, indicating an improvement in the crystallinity of ZnGa 2 O 4 (Figure 1c ). The observation might be due to the enhanced nucleation dynamics and/or strain release. Based on the solid-state diffusion process, either the aggregation of small grains to form larger ones, or grain boundary movement, results in grain recrystallization and regrowth. This improved the crystallinity of ZnGa 2 O 4 film at high annealing temperatures [21] .
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where D is the average crystallite size (nm), λ is the wavelength of X-ray (0.15418 nm), β is the FWHM (radian), and θ is diffraction angle (degrees). The average crystallite sizes estimated by the Scherrer method increase from 11.94 to 27.05 nm. ZnGa2O4 crystallite size increased with an increase in annealing temperatures, and a narrower FWHM peak (311) was observed, indicating an improvement in the crystallinity of ZnGa2O4 (Figure 1c ). The observation might be due to the enhanced nucleation dynamics and/or strain release. Based on the solid-state diffusion process, either the aggregation of small grains to form larger ones, or grain boundary movement, results in grain recrystallization and regrowth. This improved the crystallinity of ZnGa2O4 film at high annealing temperatures [21] . Figure 1d shows the variation of XRD peak intensity (311) and dislocation density with increased annealing temperatures. The value of the dislocation density (δ), which is related to the number of defects in the grown nanocrystalline film, was calculated from the average values of the crystallite size by the relationship in Equation (2) [22]:
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The dislocation density decreases as the annealing temperature increases, resulting in a decrement in the nature of native imperfections (defects, concentration of native impurity, and stress) at high annealing temperatures [23] . The Williamson-Hall analysis was used to evaluate the crystalline sizes and lattice strain distribution in the sample. This can be determined by Equation (3) [24] . The calculated parameters are shown in Table 1 .
where ε is the lattice strain, k is the shape factor, and (hkl) is the Miller Indices. Other parameters have previously been defined in Equation (1). The strain in the ZnGa 2 O 4 /sapphire samples at different annealing temperatures can be calculated from the slope of plotted of β hkl cos θ hkl (along the y-axis) and sin θ (along the x-axis) as shown in Figure 2a -f. The slopes of the fitted trendline for each plot (Figure 2a -e) were negative, indicating the existence of compressive strain in the lattice of all ZnGa 2 O 4 /sapphire samples. The intrinsic compressive stresses observed in the sputtering method deposited films were mainly caused by energetic particle bombardment, lattice mismatch, defects, etc. of the depositing films/substrate. After the sample was annealed at 900 • C, a positive slope was observed, which indicates the existence of tensile strain in the lattice (Figure 2f ) [25] .
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where ε is the lattice strain, k is the shape factor, and (hkl) is the Miller Indices. Other parameters have previously been defined in Equation (1). The strain in the ZnGa2O4/sapphire samples at different annealing temperatures can be calculated from the slope of plotted of βhklcos θhkl (along the y-axis) and sin θ (along the x-axis) as shown in Figure 2a -f. The slopes of the fitted trendline for each plot (2a-e) were negative, indicating the existence of compressive strain in the lattice of all ZnGa2O4/sapphire samples. The intrinsic compressive stresses observed in the sputtering method deposited films were mainly caused by energetic particle bombardment, lattice mismatch, defects, etc. of the depositing films/substrate. After the sample was annealed at 900 °C, a positive slope was observed, which indicates the existence of tensile strain in the lattice (Figure 2f ) [25] . Plane-view SEM images of the ZnGa 2 O 4 films at different annealing temperatures are shown in Figure 3a -f. It can be seen that the surface morphologies of these ZnGa 2 O 4 films exhibit a very similar column structure. As the annealing temperature increases, the crystallite size increases. The increment is caused by regrowth and coalescence during thermal treatment. Moreover, a high annealing temperature provides sufficient driving force to improve the mobility of the atoms, and further improve the film crystallinity. These results are in agreement with the observation from the XRD spectra. It can be concluding that the crystallinity of the films can be improved by controlling annealing temperature. Similar results have been reported by Sharma et al. [26] .
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Conclusions
In this study, ZnGa 2 O 4 thin films were prepared on sapphire substrate using an RF sputtering technique. The polycrystalline nature of the randomly oriented ZnGa 2 O 4 films was improved and converted to a quasi-single-crystalline structure through thermal annealing treatment. The stress of the deposited ZnGa 2 O 4 thin films was transformed from compressive to tensile stress as the annealing temperature increased from 500 to 900 • C. The optical transmittance of ZnGa 2 O 4 films was greater than 80% in the UVA and UVB regions, and the energy band gap increased with an increase in annealing temperature. These results indicate that the annealing process is an effective method for the improvement of ZnGa 2 O 4 thin film crystallinity, and may obtain the preferred orientation. 
